Large amplitude oscillatory shear (LAOS) was applied to a linear polymer melt in order to study the mechanical harmonic generation in the nonlinear regime. In the nonlinear regime mechanical harmonics at 3w 1 , 5w 1 , etc. are generated under oscillatory shear with a shear frequency w 1 . These higher harmonics can be analysed with respect to frequencies, amplitudes and phase if the time data of the torque is Fourier transformed. This experimental method (FT-Rheology) permits therefore to quantify the mechanical nonlinearities if sinusoidal shear rates are applied.
INTRODUCTION
A large amount of materials that are processed by applying shear are basically exclusively exposed to the nonlinear regime where the shear rate exceeds the inverse of the relaxation time of the longest relaxation process. To describe and quantify this nonlinear mechanical treatment in an adequate manner a variety of rheological measurements are needed. The practical and theoretical importance of this field resulted in several textbooks and review articles [1] [2] [3] [4] [5] [6] .
On the other hand, the most common rheological shear experiments are conducted in the linear response regime under oscillatory shear, where the complex response function is characterised via the elastic modulus, G'(w), and the viscous modulus, G''(w). A very common experiment to measure nonlinear, but steady state properties, is simply to measure the shear rate dependent viscosity, h(g). This experiment has inherently two drawbacks: first of all it can only be conducted if non cross-linked (chemically or physically linked) systems are investigated. Secondly, it can only measure the steady state response. In practice, the combination of nonlinear conditions and time dependent shear rates is very often of great importance. Several approaches were presented [7] [8] [9] [10] [11] [12] that allow the latter case to be quantified. In these approaches, large oscillatory shear strain is applied so that nonlinear response conditions are generated. The stress response remains periodic but can not be described via a simple sinusoidal function but rather a superposition of several higher odd harmonics as will be described in the theoretical section. In case of our method the higher harmonic contributions are analysed in the frequency domain as spectra using an appropriate Fourier transformation (FT). The Fourier transformation sorts the response function with respect to the inherent harmonic frequencies, their intensities and also the phase lag, d(w), of all harmonic contributions. Since the higher harmonics only occur in the nonlinear regime the FT rheology appears as a tool to specifically quantify nonlinear viscoelastic behavior especially for time-dependant shear rates where memory effects become important. Therefore, this method might extent the experimental accessibility of complex nonlinear and time-dependant phenomena in a sensitive manner. In order to elucidate, what kind of information is accessible through this new approach, well-defined samples should be investigated first. Therefore, in this article Fourier transform rheology is used to characterise polystyrene melts with different molecular weights and narrow molecular weight distributions in the nonlinear regime as a model material for linear and monodisperse polymer melts. The results are analysed as a function of the molecular weight, the applied strain amplitude and frequency.
THEORY
The fundamental theoretical aspects related to FT rheology and the experimental realisation have already been described in more detail by Wilhelm et al. [10] [11] [12] ; therefore only the main arguments for the appearance of the higher harmonics in a shear experiment are briefly summarised below.
Generally, a surface with an area A is moved at a distance d with a velocity v by applying a force F. In the Newtonian case, the normalised shear stress, s = F/A, depends linearly on the shear rate, g = v/d, with the viscosity, h, being the proportionality factor.
(1) If a steady shear or simple flow is applied under oscillatory shear, the viscosity depends on the absolute shear rate, |g|. The dependence of the viscosity as a function of the absolute value of the applied shear rate can in principal be described as an even function with respect to the shear rate: (2) For convenience the applied shear strain and also the shear rate is written in a complex notation [13] . Inserting Eq. 2 into Eq. 1 we obtain an expression for the time dependent shear stress:
The time dependent shear stress, as given by Eq. 3, can be sorted by a magnitude Fourier transformation [14, 15] into the frequency space wherė the different frequency components are resolved. This mathematical procedure results in a spectrum with distinct peaks at 1w 1 , 3w 1 , 5w 1 , ... where each peak is described by an amplitude a n and a phase f n where n is odd.
Information about the possible amplitude of the higher harmonics can be derived by assuming extreme shear thinning and instantaneous adjustment of the viscosity to the shear rate. If we further assume scaling law behaviour for the viscosity and maximum shear thinning with a scaling exponent of -1:
For this approximation a vanishing memory, respective instantaneous adjustment of the viscosity towards the applied shear rate is assumed. A memory term should affect the magnitudes of the higher harmonics in the experimental Fourier spectra. Assuming that g µ cos (w 1 t) and Eqs. 1 and 4 hold, this leads to the following proportionality:
Eq. 5 corresponds to a perfect rectangular step function in the time domain. The magnitude FT of a periodic step function can be found in textbooks [14, 15] . The intensities for each higher harmonic in this case is given by a n /a 1 = 1/n, e.g. I(3w 1 ) = I(w 1 ), I(5w 1 ) = I(w 1 ), etc. Therefore an upper limit for different higher harmonics is concluded. In case where memory terms can be neglected this maximum value has the following form for the different harmonics: (6) One possibility to quantify the degree of nonlinearity is the ratio of the magnitude for the n th harmonic, I(nw 1 ), with respect to the mag- [3, 4] . Here, the shear-strain amplitude g 0 is plotted versus the Deborah number, De, which is a unitless number, defined as the fluid's "characteristic" relaxation time, l, divided by a time constant t f , which characterises the flow (De = l/t f ) [3] . In an oscillatory shear flow t f is taken to be the inverse of the excitation frequency w 1 , and De = l·w 1 . For small Deborah numbers (w 1 << l) and small shear-strain amplitudes the system flows and behaves like a Newtonian liquid. The application of higher Deborah numbers (w 1 >> l) causes the system to respond much more elastic, similar to a Hookian spring. In case of w 1 ≈ l the response will be a superposition of the previously mentioned extreme cases (e.g. spring or fluid). The response is therefore viscoelastic. However, linear response is only given if smaller shearstrain amplitudes are applied. If larger amplitudes are applied the system will respond in a nonlinear manner. Several FT-rheology experiments might be able to describe the behaviour of polymers in the latter case. Three of these straight forward measurements are also displayed in Fig. 1 . One experimental possibility is (a) to keep the shear-strain amplitude, g 0 , constant and vary the excitation frequency. This experiment would only increase the Deborah number. In the case (b) where the amplitude, g 0 , is varied and the frequency, w 1 , is kept constant, both the Deborah number and the amplitude increases. This experiment accesses the diagonal in the Pipkin diagram. Another experiment (c) might be implemented to measure exactly at the same Deborah number or respective the same maximum shear rate g . max. = w 1 g 0 . This can be achieved by varying g 0 and w 1 simultaneously so that the product of these variables remains the same. [3, 4] displays the general types of viscous and elastic behaviour in the linear and nonlinear regime. Different possible FT-rheology experiments are indicated and also described in section 2.
RESULTS AND DISCUSSION

DYNAMIC MEASUREMENTS IN THE LINEAR REGIME
In order to facilitate comparison with earlier data, well-established rheological experiments were first carried out on the samples investigated. Master curves for the frequency dependent G' and G'' were shifted using the WLF time-temperature superposition. This allowed us to characterise the polystyrene samples in the linear regime [16, 17] over a broad range of frequencies. Fig. 2 shows the master curves referenced to T ref = 408 K (= T g + 26 K, relative to PS-250k). In the flow region the values of G' are lower than those of G'' and the values are proportional to w 2 and w as expected for a linear polymer melt [3, 4] . An entanglement plateau with a plateau modulus G' p is clearly visible for all displayed molecular weights. The entanglement plateau module is experimentally located via the minimum of tan d. The entanglement molecular weight, M e , can be calculated using M e = rRT/G' p . We determined the entanglement molecular weight of polystyrene slightly higher compared to the literature [2, 4] . The numerical values are shown in Tab. 2. The length of the entanglement plateau rises with increasing molecular weights and thus the terminal zone is shifted to a lower frequency range.
In the transition zone both G' and G'' superimpose independent of the molecular weights. This is in agreement with the polymer theory and other experimental results [3, 4, 16] since the relaxation behaviour is characterised by the local relaxation of the polymer segments, which is determined by the rouse relaxation time t R [18] .
EXPERIMENTAL SECTION
Experiments were performed using a Rheometric ARES rheometer, with the raw time data of the shear stress being externally digitized. Fast Fourier transformation analysis was applied using Origin 5.0 (Microcal Software Inc.). Additionally Fourier transformation was performed using a LeCroy Oscilloscope 9304 C (LeCroy, Chesnut Ridge/USA), where the appropriate Fourier transform package was incorporated. An 8 mm plateplate geometry was used. To reduce mechanical noise level, the rheometer was kept in a rigid and mechanically stable environment. For all electronic connections, double shielded BNC-type cables (e.g. RG 223) were used to minimise the electronic noise level. Using a home built device, the frequency range of the force transducer was calibrated externally. In this way the shear stress transducer was verified to be quantitative for frequencies £ 30 Hz.
The four samples under investigation were anionically synthesised, linear polystyrenes with molecular weights above the entanglement molecular weight of M e = 19,000 g/mol [16, 17] and narrow molecular weight distributions (see Tab.1), as determined by gel permeation chromatography (GPC). The glass transition temperatures Tg were determined through size exclusion chromatography (DSC) using a heat rate of 10 °C/min.
We followed a specific procedure to reach a steady state or at least comparable conditions for the measurements: The measurement conditions were applied for 500 s before the actual raw time data was acquired. The frequency information of the higher harmonics is resolved with a magnitude Fourier transformation using e.g. 50 cycles prior to the Fourier transformation. 
were referenced to T = 408 K (= T g + 26 K, relative to PS-250k).
The value of t R can be extracted from the crossover point of G' and G'' situated between the entanglement plateau and the transition zone. The second crossover point at higher frequencies is constant for a fixed reference temperature T ref and independent of the molecular weights for each polymer. The master curves span over more than 10 decades along the frequency axis and over nearly 8 decades along the modulus axis.
OSCILLATORY MEASUREMENTS IN THE NON-LINEAR REGIME
In a next step, we applied large amplitude oscillatory shear (LAOS) onto the different polystyrene melts. To validate that thermal degradation does not influence the experiment, measurements were first conducted at T = 493 K, n 1 = 0.1 Hz and g 0 = 75%. No change within the error margin in G' and G'' could be detected over several hours. Generally, if sinusoidal strain is applied in the nonlinear regime the torque, respective force response is not sinusoidal any more. Nevertheless, the response is still periodic, see Fig. 3 .a for a typical time and frequency data set. This periodicity is revealed in the higher harmonic contributions in the FT-rheology spectra (see also the theoretical section). The different phase shifts for each overtone causes the asymmetric shape. The Fourier spectra (Fig. 3.b) contain the fundamental frequency and primarily odd harmonics (see also section 4.3). The degree of nonlinearity was quantified for each harmonic through the relative intensity of each harmonic I(nw 1 ) with respect to the fundamental intensity I(w 1 ). The peaks in the spectra are extremely narrow because it is a driven oscillation with basically no damping involved. While the signal to noise ratio in these FT-rheology spectra is up to 20,000 : 1 for polymer solutions [11, 12] in a single measurement in polymer melts we found the signal not as clean and only values of about 5,000:1 seemed to be typical.
As already mentioned, the relative intensity of all harmonics normalised to the fundamental frequency I(nw 1 )/I(w 1 ) = I n/1 (w 1 ) quantifies the nonlinearity under the specific conditions. This was done for all molecular weights at T 0 = 453 K using an excitation frequency of n 1 = 0.1 Hz. The results are displayed as a function of the shear amplitude in Fig. 4 . For PS-250k, we detect the onset of sigmoidal behaviour as a function of the strain amplitude. For polymer solutions [11, 12] the following exponential function was used to describe this behaviour for each harmonic with a minimum amount of free parameters:
This function contains only three adjustable parameters. First, the maximum degree of nonlinearity for each harmonic at high strain amplitudes is expressed by , secondly, the apparent onset of nonlinearity at a specific frequency is given by g a and thirdly, the parameter l. This parameter is inversely proportional to the slope of the proposed function. The experimental data in Fig. 4 implies that the slope (µ 1/l) is a strong function of the molecular weight since the melts under investigation all have similar polydispersity (see Table 1 ). The fit results using Eq. 8 shows the predicted dependence with respect to the molecular weight: The parameter l decreases from >200 for PS-100k to 7.67 for PS-250k to 0.94 for PS-1600k. Although a broad range of molecular weights is shown in Fig.  4 the strong dependence of the adjustable parameter l onto the molecular weight leads to the conclusion that small differences in the molecular weight, entanglements or ultimately the topology should show up in significant differences with respect to the relative intensities of the different harmonics. Further investigations in these directions are currently being carried out in our laboratory. A weaker dependence for I n/1 ∞ specifically for I 3/1 ∞ towards the molecular weight might also be concluded for this particular polymer system but was kept constant for this particular fit. The apparent onset of nonlinearity as expressed by the parameter g a decreases with increasing molecular weights from >10 for PS100k to 0.93 for PS-250k and to 0.28 for PS-1600k. This dependence agrees with the simple picture that the shear rate should exceed the inverse of the relaxation time of the longest relaxation process (t µ M n 3 ) to cause nonlinear response. Of great importance is the improved sensitivity of the FT rheology to detect the onset of nonlinearity. This is in agreement with earlier results [12] . The data set for PS-250k is a result of data averaging over several experiments. The error range for I 3/1 (w 1 ) of ± 4 % at 450% strain amplitude is due to the time-dependence at high strains respective high nonlinearity. With time, strangling between the plates occurs and influences the sample behaviour. In general, the edgeeffects become more and more important for high shear strain amplitudes. Therefore we see the value of this method more pronounced in the regime where the higher harmonics just start to grow, e.g. 0 < I 3/1 (w 1 ) < 0.1 and where we take advantage of the increased sensitivity of our setup towards the higher harmonics [11, 12] . We therefore resign to formulate any further coherence between the overtones and the molecular weight, especially for high shear strain amplitudes.
APPEARANCE OF EVEN HARMONICS
Experimentally we could also detect intense even harmonics for the PS-melt under LAOS conditions. Even harmonics can not be explained by the simple mathematical approach as described in the theoretical section of this article. This simple approach explains only the appearance of odd harmonics in the FT-rheology spectra. Therefore, it is expected that a more complex nonlinear behaviour is responsible for the appearance of even harmonics in the FT spectra [19] [20] [21] [22] [23] .
A more detailed view of the shape of the sinusoidal time signal displays a saw tooth response, when the strain amplitude is close to its maximum value (Fig. 5.c) . At these points, the torque drops suddenly. This fast drop is followed by a slower build-up of the torque. A straight forward explanation for this saw tooth behaviour could be given by a nonsymmetric macroscopic stickslip behaviour. This slip could be either towards the polymer-metal interface or an inner slip similar to a shear band. A simple approximation of this slow build-up and fast decay is given by a saw tooth function. The Fourier transform of a sawtooth function contains all harmonic contributions (see also Fig. 5 ). Even and odd harmonics of the fundamental frequency [14, 15] have the following relative intensities: (9) Consequently, Eq. 9 sets an upper limit for the maximum intensity of even harmonics if stickslip was the only mechanism for the underlying nonlinearity. Under these conditions the maximum intensity would be inverse proportional to the order of each harmonic: [I(nw 1 )/I(w 1 )] max := I max n/1 = 1/n, both for even and odd harmonics. This results in the same maximum intensity of I max 3/1 = 1/3 if maximum shear thinning similar to Eq. 7, or if mainly slip occurs. The simplified time data sets for both cases are shown in general, an experimental spectra should lie in between these two extreme cases if the theoretical constrains are met. A quantitative measure for the degree of wall slip or shear bands could therefore be the relative intensity of the second harmonic I 2/1 (w 1 ) at the specific experimental conditions. Experimentally we received relative intensities of the second harmonic up to I 2/1 (w 1 ) ≈ 10%. Fig. 5 .b displays also the FT-rheology spectra corresponding to the displayed time data. Both the second and the fourth harmonic are clearly visible. The relative peak intensity of the second harmonic in Fig. 5 .a can be quantified as I 2/1 (w 1 ) ≈ 9%, thus being nearly as high as the relative peak intensity of the third harmonic.
The appearance of even harmonics under LAOS conditions, however, is not fully understood at this time and it is not clear whether their appearance will be more useful for the understanding of the rheological behaviour of polymers or as control of sample preparation and rheometer-performance. We found that the even harmonics depend strongly on the previous sample handling in a complex way. They vary over a wide range for different measurements under similar conditions, meaning that the reproducibility for the even harmonics is in general much less than for the odd harmonics. As shown in Fig. 5 .d, in the beginning the second harmonic I(2w 1 ) and the third harmonic I(3w 1 ) can be similar while for higher strain amplitudes the second harmonic decays. In order to prevent wall slip we used rough surfaces but still even harmonics occurred in the spectra. We therefore favor an inner slip similar to shear bands or edge fracture. The literature describes also stick-slip motion as a function of the material used for the measurement tools [20] . Research along those lines is currently being carried out in our laboratory. 
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